Equations have been derived to calculate values of the thermophysical properties of all stainless steels for temperatures between 300 and 1 800 K (austenitic 3 series, ferritic-4 series and precipitation-hardened 6-series alloys). Values of the following properties are given in both figures and tables: density (r), thermal expansion coefficient (a), heat capacity (C p ), enthalpy (H T ϪH 298 ), thermal conductivity (l) and thermal diffusivity (a), electrical resistivity (R), viscosity (h) and surface tension (g).
Introdction
Stainless steels play an important part in modern living since they have good corrosion resistance and a pleasing appearance. There are several types of stainless steel (typical compositions are given in Table 1) : -3 series contain Cr and Ni and usually contain Mo; they have a metastable, austenitic structure -4 series contain Cr (but no Ni since this stabilises the austenite) and have a ferritic structure but martensitic phases can be formed in some cases (e.g. 410) when oilquenched or air-cooled -6-series are precipitation-hardened alloys and tend to contain Cr and Ni in lower amounts Mathematical modelling has become an established tool for improving process control and product quality. However, it has been shown that accurate thermophysical property data are needed for reliable predictions of defects 1) or improved product quality (e.g. Weld profiles in TIG/GTA welding 2, 3) ). This study seeks to provide reliable thermophysical property data for all types of stainless steels.
The principal objective of this work was to establish equations which provide reliable values for thermo-physical properties for the full range of stainless steels. The general approach adopted here makes use of fact that the thermophysical properties of Fe, Cr and Ni are very similar; thus differences in Ni% and Cr% in different stainless steels do not have a significant effect on the property value.
It should be noted that ferritic and martensitic (i.e. 4-series alloys) undergo a magnetic transition and subsequently transform to austenite. The values of properties, such as density and enthalpy, are little affected by these transitions but their temperature coefficients, i.e. heat capacity (C p ) and thermal expansion coefficient (a), respectively, along with the thermal diffusivity do vary appreciably. Consequently, in these cases, it is not always possible to give one equation to cover all the properties for all types of stainless steel.
Thermal and electrical conductivity (or resistivity) values are affected by the microstructure of the solid sample which is, in turn, dependent upon the heat treatment and the cold work given to the alloy. In these cases the thermal conductivity and electrical resistivity refer to samples with the maximum conductivity or minimum resistance. Property values based on the various recommended equations are given at the end of the paper in Tables 3 and 4 .
The liquidus temperatures, T liq , of the various types of stainless steels were estimated using the coefficients recommended by Howe. 4) The calculated values are shown in Table 1 . It has been assumed in Table 3 that liquidus temperature of 3-and 6-series alloys occurs at 1 723 K and for 4-series alloys at 1 773 K.
Density (r r), Thermal Expansion Coefficient (a a)

Database
Thermal expansion data have been reported by Bogaard et al. 5) for austenitic 304 steel and ferritic 430 stainless steels. Density data for solid 304, 316, 410 and 446 stainless steels are cited by Touloukian 6) and by Mills 7) for 304 and 316. Density data for the liquid 316 alloy have been reported by McCormick and Brooks 8) and for 430 by Li et al. 9) Experimental uncertainties for measurements are probably Ͻ2% for density (r) and Ͻ10% for the linear thermal expansion coefficient (a).
Analysis of Data
Bogaard et al. 5) report data which gives the following equation for austenitic 304 steel:
As can be seen from Fig. 1 , at temperatures below 1 000 K, the ferritic phase (in 430) has a lower a than that for austenite (in 304); above 1 000 K the austenite formed results in a higher a value. 5) Thus the thermal expansion for ferritic alloys can be calculated using Eqs. (2) and (3).
• Densities (r) Densities were first calculated by assuming that the following equation applied:
where xϭmole fraction and that 1, 2, 3 etc. refer to different metallic components. In actual fact this relation is more correct when using the molar volume, V, than for density, r, but the errors associated with the above assumption are small.
Numerical analysis of the experimental density data gave the following equations: Solid: (Fig. 2) . It should be noted that the values were calculated using Eq. (5). The liquid density values for 4-series alloys shown in Fig. 3 and 5) and by Mills.
7) The experimental uncertainty is probably about Ϯ2% at temperatures below 1 000 K and Ϯ5% at temperatures in the range 1 000 to 1 700 K. Ferritic alloys exhibit a magnetic transformation 6) leading to a peak in the C p around 1 000 K as can be seen from Fig. 4 ; the peak C p value and the temperature of the peak (T peak ) show some deviation in the values collected by Touloukian.
6) The values shown in Fig. 5 were selected because they had the same T peak as T min in the thermal diffusivity data for ferritic steels.
The temperature dependencies of C p and enthalpy (H T ϪH 298 ) are usually expressed in the form of Eqs. (7) and (8), respectively. Kopp's Rule is found to apply well for alloys and the constants aЈ, bЈ, cЈ, can be estimated reasonably accurately from relations such as Eq. (9) 11) ; the subscript ss refers to the stainless steel.
where dЈϭa (298) where x is mole fraction and subscripts 1, 2, 3 etc. represent the different elements in the steel, respectively. Values of C p estimated in this way tend to be ca. 2-3 % lower than experimental values at temperatures below 800 K but agree well at higher temperatures. Consequently, the C p and (H T ϪH 298 ) values for austenitic 3-series alloys, given in Eqs. (7) to (9), were derived from a best fit of the experimental C p -T relations. It is difficult to derive a relation for the C p of ferritic alloys between 500 and 1 100 K because both the magnitude of C p and the temperature of the peak tend to vary. However, the enthalpy, (H T ϪH 298 ) values are little affected and apply reasonably well to both ferritic and austenitic alloys. Values for the liquid were derived from the experimental values reported by Chapman et al.
12,7)
The entropy of fusion, DS fus for the steel can be estimated from values of DS fus for different elements using a similar relation to that in Eq. (4).
Results and Discussion
Solid:
ϩ2.82ϫ10 6 /TϪ156 000 ... (11) Liquid: (10) to (13) . The uncertainty associated with the calculation of C p and (H T ϪH 298 ) is probably less than 5 %.
Thermal Conductivity (l l)
Thermal conductivity data for most solid alloys are sensitive to the microstructure. Consequently, these values are, in turn, dependent upon the thermal and mechanical histories of the samples. These effects are relatively small in the case of stainless steels because of their relatively low thermal conductivities (cf. Al alloys, where it can make a significant difference).
Database
Thermal conductivities have been reported by the following: Bogaard et al. 5) for alloys, 304, 321 and 430; Chu and Ho 13) for 410 and 430; Bogaard 14) for 3-series and 631 and Mills 7) for alloys 304 and 316. The values cited below relate to the maximum thermal conductivity. Values for the liquid phase are based on those reported by Mills.
7)
Analysis of Data
The thermal conductivity contains contributions from both lattice and electronic conductivities (Eq. (14)) and the electronic conductivity at 300 K can be calculated from the electrical resistivity, R by use of the Wiedemann-FranzLorenz relation (Eq. (15)) where L o is constant with a value of 2.445ϫ10 The resistivity, R 300 can be calculated from Eq. (16) using the values given in where subscripts 1, 2, 3 refer to Fe, Cr, Ni etc. The lattice conductivities (l lat 300 ) can be calculated in a similar manner using Eq. (17) and the values given in Table  2 The thermal conductivity of the alloy at 300 K is then calculated using Eq. (14) .
The thermal conductivity-temperature relation was constructed by joining l 300 to the following values: 27 
Results and Discussion
The results show that the differences between experimental and calculated values are within 5 %, for the 3-series alloys and for the alloy 410 but are more than 10% divergent for 430. It can be seen from Figs. 6 and 7 that the thermal conductivities of ferritic, 4-series alloys are higher than those for austenitic 3-series alloys.
Thermal Diffusivity (a)
Thermal diffusivities for the solid state, like thermal conductivities, are dependent upon the microstructure and are thus influenced by the thermal and mechanical history of the sample. Furthermore, thermal diffusivity values for ferritic alloys are influenced by the magnetic transition (aϭl/rC p ). Values for the liquid were derived from values of thermal conductivity.
Database
Thermal ) and by Seetharaman.
17) Thermal diffusivities can be calculated by aϭl/r · C p but are frequently measured directly (with the laser pulse method). The measurements of thermal diffusivities of ferritic steels go through a minimum around 1 000 K (aϭl/C p r): this corresponds to the peak in the C p -T relation. Touloukian 6) has reported thermal diffusivity values for 403, 410, 416, 420 and 430 alloys, all of which exhibit a minimum value around 970 K.
Results and Discussion
The thermal diffusivity values shown in Figs. 8 and 9 refer to austenitic, 3-series and to ferritic, 4-series alloys, respectively, these were calculated from the recommended values of l, C p , and r. In Fig. 8 Table 2 . Coefficients used in the calculation of thermal conductivity. 
Electrical Resistivity (R)
Database
Electrical resistivity (R) data have been reported by Bogaard et al. 5) for alloys 303, 304, 316, 317, 321, 347 and 410 and 430 and for alloys 316, 631 and 660 by Ho et al.
13)
The electrical resistivity is dependent upon the microstructure and hence the thermal and mechanical histories of the sample; the equations relate to samples with the lowest resistivity.
Analysis of Data
The electrical resistivity (R) data were assumed to have a similar temperature dependence to that of the enthalpy, namely, RϭaЈϩbЈTϩcЈT 2 . Thus "best fit" equations in this form were derived from the mean experimental data 5) for 304, 316 and 410 and 430 alloys.
Results and Discussion
The electrical resistivities of the ferritic (4 series) alloys at temperatures below 1 000 K are lower than those of the austenitic (3 series) and 6-series alloys. Best fit expressions for R (10
Austenitic (3-, 6-series) It can be seen from Fig. 10 that there is good agreement between the values calculated with Eqs. (21) and (22) and the experimental data. Values calculated via Eq. (16) and Table  2 vary byϽ5% from the experimental values.
Surface Tension (g g)
The surface tensions of alloys are very dependent upon the levels of soluble oxygen and sulphur (denoted O and S). The soluble O is also dependent upon the Al content of the metal (see Fe-Al-O curve in Fig. 11   3) ). Although the Al contents of stainless steels are usually quite low, they are sufficiently high in most cases to keep the O content constant at a level of about 5 ppm. Thus the surface tension is primarily dependent upon the S content of the steel.
Database
Surface tension data have been reported for alloys 304 and 316 as functions of temperature and sulphur content by Brooks et al. 18) and for alloy 430 by Li et al. 9) The experimental uncertainty associated with the surface tension measurements is probably around Ϯ3%.
Analysis of Data
The method has been described in more detail elsewhere.
19) The method assumes that: (a) The differing Cr and Ni contents of the various stainless steels have little effect on the surface tension of the pure metal, g pure (i.e. with zero O or S content) since the surface tensions of Fe, Cr and Ni are all very similar. The following equation was adopted for the "pure" metal. where R*ϭGas constant, G s ϭsurface excess concentration, K S ϭequilibrium constant for the absorption of S on the metal and a S ϭactivity coefficient of S in Fe (ϭ0.68 wt% S 19) ). The following procedures were employed to analyse the data reported by Brooks et al. 18) and Li et al. 9) (i) G s was determined from the limiting slope of the plot of the surface tension of steel against ln a S (i.e. the values at higher S contents where the surface is saturated with S were adopted). (ii) A mean value for G s was derived from values calculated from the surface tension data due to Li et al. 9) and Brooks et al. (v) The temperature dependence (dg/dT) was determined by differentiating the Eq. (26) and is given in Eq.
.
Results and Discussion
The following equations were derived ..... (27) where Bϭ1ϩe (28798/TϪ8.5647) (0.68wt%S). The surface tension values calculated with Eqs. (26) and (27) 18) and with those calculated by McNallen and Debroy 21) in Fig. 13 and can be seen to provide reasonable values of (dg/dT). Calculated values of the surface tension of stainless steels with different amounts of S are shown as a function of temperature in Fig. 14 and Table 4 .
Viscosity (h h )
Database
The viscosity values shown in Eq. (28) were obtained by Brooks et al. 22) for a stainless steel (25.6 % Cr, 6.5 % Ni and 4% Mo) using oscillation viscometry. These results were used in this study. The measured values at 1 873 K are higher for the alloy than those for pure Fe (e.g. 6.25 mPa · s cf. 5.2 mPa · s for Fe). The uncertainties in the reported measurements for pure Fe and other metals are large but recent measurements obtained with oscillation viscometry [23] [24] [25] fall within a band of Ϯ10 % (e.g. h(Fe)ϭ5.2Ϯ0.3 mPa · s and h(Ni)ϭ4.1Ϯ0.4 mPa · s at 1 873 K). Thus the viscosities of the major components Fe, Cr and Ni are probably very similar and the thermodynamics of the Fe-Cr, Fe-Ni systems are close to ideal. However, with commercial alloys it has been reported that the presence of non-metallic inclusions can cause an increase in viscosity. 26, 27) Consequently, measurements on commercial materials like stainless steels are subject to greater uncertainty and to more variability than those for pure metals.
© 2004 ISIJ Table 3 . Calculated values of the thermophysical properties of stainless steels-where 2 sets of values are given e.g. 481 (452)-the first value 481 refers to C p of the austenitic steel and (452) to C p of the ferritic-phase steel. 
Analysis of Data
It was assumed that the viscosities of Fe, Cr and Ni are very similar. Consequently, the experimental viscosity values for a stainless steel 22) given in Eq. (28) will apply to all stainless steels.
Results and Discussion
The results due to Brooks et al. 22) can be represented by Eq. (28) and are shown in Fig. 15 ln h (mPa · s)ϭ(Ϫ2.396ϩ7950/T) ............. (28) Estimated values derived from the relation due to Hirai et al. 28) are significantly lower than the experimental values. (e.g. 3.6 cf. 6.25 mPa · s, respectively at 1 873 K).
Summary
The calculated values of the thermphysical properties of the solid and liquid phases are given in Tables 3(a) and 3(b) respectively. The calculated values for the surface tension for various temperatures and S contents are given in Table  4 . Table 4 . Surface tension of stainless steels calculated from Eqs. (22)- (24) (it has been assumed that the Al content is sufficient to keep the soluble O content to 5 ppm).
